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Savka, M ichael w., M .S., N ovem ber 1992 Geology
Processes A ffecting the Transport of A rsenic in the M adison and M issouri R ivers, 
M ontana (90 pp.)
Director; Johnnie N. M oore
A study conducted by Stauffer et al. (1980), on hot-spring drainages of 
Y ellow stone National Park, established a considerable source o f arsenic and other 
natural contam inants in the headw aters o f the M adison River. Sedim ent and 
w ater sam ples collected from  the M adison and M issouri Rivers (Hebgen L ake to 
Canyon Ferry Reservoir) are enriched in arsenic suggesting that the M adison 
R iver headw aters supply arsenic throughout the drainage. H Cl-extractable 
arsenic was weakly correlated with iron, m anganese, alum inum , and organic 
carbon suggesting little control of w ater-colum n arsenic by these constituents. 
Sedim ent arsenic concentrations of the upper M issouri R iver are within a range 
predicted by a sedim ent m ixing m odel indicating that dilution is playing a 
prom inent role in the observed arsenic trend. W ater-colum n arsenic was strongly 
correlated w ith dissolved sodium  suggesting that arsenic behaves conservatively 
in the drainage and supporting a dissolved phase for arsenic transport. W ater- 
colum n arsenic was weakly correlated with iron, alum inum , and m anganese 
suggesting little control by colloids (<0.45 m icron) of these metals. Sedim ent core 
sam ples collected from  Ennis Lake suggest that diagenetic cycling is the process 
by w hich arsenic is concentrated in the surface sediments (0 to 10 cm  interval). If 
anaerobic conditions periodically prevail in the Ennis Lake w ater colum n then 
arsenic may be m obilized as iron and m anganese oxyhydroxides are reduced.
This m ay explain the water-colum n arsenic concentrations w hich are elevated in 
all M adison River lakes.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
A bstract......................................................................................................... ;............................... ii
Table of Contents........................................................................................................................iii
List of Tables................................   .iv
List of Figures............................................................................................................................... v
Acknowledgem ents...................................................................................................  viii
Processes Affecting the Transport of A rsenic in the
M adison and Missouri Rivers, M ontana............................................................................. 1
Introduction......................................................................................................................... 2
M ethods...............................................................................................................................3
Results and Discussion....................................................................................................8
Trends and Relationships in Solutes......................................................................8
Trends and Relationships in Sediment........................  11
Sedim ent Mixing M odel.......................................................................................... 15
Ennis Lake Sediment..........................   16
Ennis Lake W ater.......................................................................................................21
Conclusions...................................................................................................................... 23
References.........................................................................................................................62
Appendix..................................................................................................................................... 66
m
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF TABLES
Table 1. Results o f analyses of U.S. Geological Survey water
Standards.................   25
Table 2. Results o f  standard arsenic additions to U.S. Geological
Survey w ater standards..........................................................................................25
Table 3. Results o f analyses o f N ational Bureau of Standards and
U.S. Geological Survey sedim ent standards................................................... 26
Table 4. Results of standard arsenic additions to com posite sedim ent
HCl-extracts...............................................................................................................27
Table 5. Results o f standard calcium  additions to com posite sedim ent
HCl-extracts...............................................................................................................31
Table 6. Results o f sediment mixing m odel  .............................................................32
IV
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
Figure 1. M ap showing relative location of the study area..........................................34
Figures 2A and 2B. Com parison o f w et and dry sedim ent arsenic
concentrations for the entire data set and a data set excluding
H ebgen and Quake Lakes.......................................................................................................35
Figure 3. Eh - pH diagram  for an As - H 2 O system at 25 “C with
total arsenic species o f 50 |Xg/L (copied from M ok and W ai, 1985)........................... 36
Figure 4. D issolved arsenic concentrations with distance from  the
upperm ost sampling locations on the Firehole and Gibbon R ivers.............................37
Figures 5A and 5B. D issolved sodium and alum inum  concentrations 
with distance from the upperm ost sam pling locations on the Firehole 
and Gibbon Rivers..................................................................................................................... 38
Figures 6A and 6B. Dissolved iron and m anganese concentrations
with distance from  the upperm ost sam pling locations on the F irehole
and Gibbon Rivers..................................................................................................................... 39
Figures 7A - 7D. Scatterplots o f dissoved arsenic vs. dissolved iron, 
aluminum, and m anganese for the M issouri and M adison R iversonly......................40
Figures 8A and 8B. D issolved arsenic and alum inum  concentrations
for samples collected from  the same site using various filter pore sizes....................41
Figures 9A and 9B. D issolved iron and m anganese concentrations
for samples collected from the same site using various filter pore sizes.................... 42
Figures lOA and lOB. Scatterplots of dissolved arsenic vs. dissolved
sodium for the entire data set and all data below Hebgen L ake................................ 43
Figures 11A and I IB . H Cl-extractable arsenic and aluminum 
concentrations with distance from  the upperm ost sam pling
locations on the F irehole and Gibbon Rivers....................................................................44
Figures 12A and 12B. H Cl-extractable iron and sodium  
concentrations with distance from  the upperm ost sam pling
locations on the F irehole and Gibbon Rivers....................................................................45
Figures 13A and 13B. H Cl-extractable m anganese and organic 
carbon concentrations w ith distance from  the upperm ost
sam pling locations on the Firehole and Gibbon Rivers................................................. 46
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES (continued)
Figures 14A and 14B. H C l-extractable calcium  and carbonate
carbon concentrations w ith d istance from  the upperm ost sam pling
locations on the F irehole and G ibbon R ivers.................................  47
Figures 15A and 15B. H Cl-extractable Fe/A s and Al/As m olar ratios
for the M issouri, M adison, Jefferson, and G allatin Rivers only
with distance from  the M adison River headw aters..........................................................48
Figures 16A and 16B. H C l-extractable M n/A s and organic carbon/A s
m olar ratios for the M issouri, M adison, Jefferson, and Gallatin Rivers
only with distance from  the M adison River headw aters................................................ 49
Figures 17A - 17D. Scatterplots o f H Cl-extractable arsenic vs. iron,
alum inum , m anganese, and organic carbon for the M issouri and
M adison Rivers only..................................................................................................................50
Figures ISA  - 18D. Scatterplots o f H C l-extractable arsenic vs. iron, 
alum inum , m anganese, and organic carbon for the M adison R iver only .................. 51
Figures 19A - 19D. R elationship betw een arsenic and m anganese
with increasing sedim ent depth for cores IB , 3B, 4B, and 9B ..................................... 52
Figures 20A  and 2GB. R elationship betw een arsenic and iron
with increasing sedim ent sedim ent depth for cores 3B and 4 B .................................... 53
Figures 21A and 21B. R elationship  betw een arsenic and iron
with increasing sedim ent depth for cores IB  and 9B ........................................................54
Figures 22A  and 22B. R elationship betw een arsenic and iron
and arsenic and m anganese w ith increasing sedim ent depth for core 2 B ................ 55
Figures 23A and 23B. R elationship betw een sam ple locations for 
H Cl-extractable iron and m anganese......................................................................................56
F igure 24A. R elationship betw een sam ple locations for
HCl-extractable arsenic...............................................................................................................57
Figure 24B. Concentrations o f H C l-extractable arsenic from  the 0  to 10 
centim eter interval w ith respect to sam ple location on Ennis L ake............................ 57
Figure 25. Concentration o f d issolved arsenic in sam ples
collected from  Ennis L ake........................................................................................................58
VI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES (continued)
F igure  26. M ap show ing rela tive location o f Ennis Lake
sed im en t and w ater sam pling stations and hypolim nion test sites..............................59
F igure  27. M ap show ing location o f E nnis L ake and relative
location  of tributaries.................................................................................................................. 60
F igu re  28. R elationship betw een d isso lved arsenic concentrations
from  sam ples collected on the M adison R iver below  Ennis L ake,
above Ennis Lake, and Ennis L ake.......................................................................................... 61
VII
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A C K N O W L E D G E M E N T S
The prim ary funding for this research was provided by the M ontana W ater 
Resources Center and the M ontana D epartm ent o f N atural Resources and 
Conservation. Additional funding was provided through a fellow ship from 
Amoco.
I would like to thank my thesis com m ittee which consisted o f Johnnie M oore, 
N ancy H inm an, and D oug K larup. Special thanks goes to Johnnie for m aking this 
project possible as well as his continued support and enthusiasm  throughout. I 
would like to thank Tom  M arrinan, llyse H ogue, and H eather M ason for their 
invaluable assistance in both the lab and the field. Special thanks goes to Colleen 
M arrinan w ithout whom  none of this w ould have been possible.
vm
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Processes A ffecting the T ra n sp o r t o f  A rsenic in th e  
M adison  an d  M issouri R ivers, M o n tan a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Introduction
The upper M issouri R iver drainage, located in Southw est M ontana, receives 
significant inputs of arsenic and other natural contam inants from  geotherm al areas 
in the headw aters of the M adison R iver located in Y ellow stone National Park 
(Stauffer et al., 1980). Dow nstream , the M issouri River, which is formed by the 
confluence of the M adison, Jefferson and G allatin Rivers, has been shown to 
contain arsenic at levels in excess o f background (Knapton and H orpstead, 1987; 
Knap ton and Brosten, 1987). Irrigation and other surface w ater uses have 
resulted in arsenic contam ination of the alluvial aquifers o f the low er M adison 
Valley (Sonderegger and Sholes, 1989; Sonderegger et al., 1989; Sonderegger and 
Ohguchi, 1988). This work, w hile suggesting that arsenic travels long distances, 
does not provide any data on the distribution, m obility, or behavior of arsenic in 
the M adison and M issouri Rivers.
A lthough the regional distribution o f arsenic from  natural sources has not been 
studied, m uch is known about the geochem istry of arsenic in natural systems.
The m obility o f arsenic in any aquatic system  is strongly controlled by changes in 
the redox conditions o f the sedim ent (Fuller and D avis, 1990; M oore et al., 1988). 
In oxic environm ents arsenic is stabilized through adsorption by hydrous iron 
oxides (M ok and W ai, 1988, 1990; Cherry et al., 1986; Brannon and Patrick,
1987). Conversely, reducing environm ents m obilize arsenic because of the 
reduction o f ferric-oxides to release ferrous iron (D rever, 1988; Ferguson and 
Gavis, 1972; Stauffer et al., 1980). Lake and stream sedim ent is usually oxidized 
to a shallow  depth. H ow ever, w ith increasing depth, a reducing environm ent
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
prevails due to the decay o f organic m atter (Drever, 1988; Ferguson and Gavis, 
1972; A ggett and O 'Brien, 1985). If  the local aquifer recharges through these 
sedim ents contam ination o f the groundw ater can result (M oore et al., 1988).
The mobility o f arsenic is also controlled by adsorption onto alum inum  and 
m anganese oxides. U nder neutral to m ildly acidic conditions, alum inum  oxides 
have been shown to be an im portant scavenger o f dissolved arsenate (Logsdon 
et al., 1974; G upta and Chen, 1978; A nderson, et al., 1976). In lake sediments 
arsenic has been shown to be strongly correlated with m anganese, presum ably as 
a result o f diagenetic cycling sim ilar to that of iron (Peterson and Carpenter, 1985; 
Takam atsu et al., 1985). A ll of these processes suggest that the sedim ent of the 
M adison and M issouri rivers, as well as the reservoirs located thereon, are likely 
sinks and sources for arsenic dissolved in the waters.
The present study was undertaken in an effort to understand the relationships 
between particulate arsenic and other elem ents (particularly iron, alum inum , and 
m anganese) and determ ine the processes fixing and transporting arsenic in the 
M issouri R iver system from  the headw aters o f the M adison R iver to Canyon 
Ferry Reservoir, 350 river kilom eters dow nstream  from  the source.
Methods
Stream  sedim ent and water sam ples were collected over three periods, 
Decem ber 12-16,1989, and M arch 19-20, 1990 from the M issouri, M adison, 
Jefferson, and Gallatin Rivers, and Septem ber 28-29, 1990 from  the Firehole, and 
G ibbon Rivers (Figure 1). Sam ple locations w ere chosen on the basis o f
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
accessibility and abundance of fine-grained sedim ent. R iver-bed sedim ent 
samples w ere collected over a 7-10 m eter reach of river from  the upper several 
centim eters o f sedim ent using a nylon spoon. M any studies (Forstner and 
W ittm an, 1983; Bradford and H orow itz, 1982) describe the im portance of 
m inim izing grain size differences betw een sam ple locations w hen analyzing for 
trace elements. For this reason, each sam ple was sieved, on site, with river water 
through a 63 |am mesh nylon screen. The sam ples were then stored in 250 ml acid- 
washed plastic bottles (before use the spoon, mesh, 2-piece pvc mesh holder, and 
bottles were rinsed, on location, with river water).
W ater samples were w ithdrawn from  the surface with a 60 cc syringe and 
injected through a 0.45 )i.m cellulose triacetate filter into 125 ml acid-washed 
plastic bottles. Before use the bottles were rinsed, on site, with approxim ately 50 
ml of river water injected through the filter. The bottles were filled to the 100 ml 
mark and acidified with approxim ately 300 pi o f concentrated nitric acid (Baker 
Intstra-A nalyzed). In addition, surface w ater pH was measured at each location.
Reservoir sediment samples were collected, using a clam shell dredge. M ay 9- 
12, 1990, from  6 locations on Canyon Ferry, 9 on Toston, 10 on Ennis, 3 on 
Q uake, and 12 from Hebgen (M adison Arm ) Lakes (Figure 26 and Appendix). 
W ater depth a t each sam ple location ranged from  less than 1 m eter to 3 m eters on 
Canyon Ferry R eservoir to 11 m eters on H ebgen Lake. All reservoirs and lakes 
w ere below  full pool with only Canyon Ferry showing any visible suspended 
sedim ent. O ne water sam ple was collected from  each reservoir/lake, with the 
exception o f Hebgen Lake from which 2 sam ples w ere collected. In addition, 
w ater sam ples were collected from 2 tributaries of the M adison River, W olf and
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Cabin Creeks (river km  198 and 240, respectively). All w ater sam ples were 
collected as per the m ethod described above.
All sam ples were stored on ice follow ing collection and returned to the 
U niversity of M ontana for analyses. W ithin 24 hr of returning, the sedim ent 
sam ples were centrifuged at 2000 rpm  for 10 m in, the supernatant decanted, and 
the samples placed in a deep freeze.
In an effort to ascertain the role o f the reservoirs in this system, additional 
sedim ent and water samples were collected from Ennis Lake July 16-18, 1991. 
Sedim ent cores were collected from  approxim ately the sam e locations that were 
chosen for grab samples during M ay 9-12, 1990 (Figure 26). In addition, 4 bed 
sedim ent sam ples were collected from  the M adison River above Ennis Lake over 
approxim ately the same locations that w ere sampled D ecem ber 12-16 , 1989 
(Appendix, sites M A I3 - M A I6). The corer used was a JM C Back-Saver H andle 
with a JM C  "O" Contam ination Tube designed to allow insertion o f a 0.90 inch 
diam eter, rigid, acetate, liner tube. A t each sample location a clean acetate liner 
was inserted into the soil corer. A fter the core was taken, the acetate liner was 
rem oved from  the corer and the ends sealed with Parafilm  "M" laboratory film. 
W ater sam ples were collected throughout the reservoir (Figure 26) and were 
drawn from  a depth o f approxim ately 1 m eter by a peristaltic pump. The sam ples 
were passed through 0.45 micron cellulose triacetate filters into 125 ml acid- 
washed plastic bottles (before use the bottles were rinsed w ith reservoir w ater 
passed through the filter). After approxim ately 100 ml of sam ple was collected it 
was treated with 300 pi of concentrated nitric acid (B aker Intstra-A nalyzed). At 
each site the pH, tem perature, and dissolved oxygen w ere m easured from  water
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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draw n from the sam e depth. Prior to sam ple collection five sites were chosen in 
order to determ ine if a hypolim nion existed (Figure 26). The w ater tem perature 
was m easured several centim eters below the surface, and within 10 centim eters of 
the bottom  of the reservoir. The results indicated that no significant stratification 
existed at the time of sam ple collection (Appendix). Additional w ater samples 
were collected once approxim ately every 6 hours over a 24 hour period from  
both above and below Ennis Lake using the m ethod described above for the 
main stem samples (Figure 27, sites AER and BER). All samples were stored on 
ice and returned to the U niversity of M ontana w here they w ere refrigerated. 
W ithin 48 hrs of returning, the sedim ent sam ples were extruded from  the acetate 
tubes, cut into 10 cm  sections, stored in styrofoam  containers, and returned to the 
refrigerator.
H Cl-extractable m etals have been shown to approxim ate the am ount o f each 
metal that is available to the environm ent (Luom a and Davis, 1983; Luom a and 
Jenne, 1977; Tessier et al., 1979). For this reason an HCl-extraction procedure 
was perform ed on all sedim ent samples. The sedim ent samples were placed in an 
oven set at 70 °C and allowed to dry for 24-36 hours (drying tim e varied due to 
weight differences between sam ples). A fter the samples were dry approxim ately 
0.500 g of each was placed in a centrifuge tube, covered with 40 ml o f 0.60 N 
H Cl, and placed on a shaker table for 24 hours. Follow ing this procedure the 
sam ples w ere centrifuged at approxim ately 2700 rpm  for 10 m inutes and the 
supernatant decanted into 40 ml acid w ashed plastic bottles.
Prior to drying the sam ples, a subsam ple of each was used in a w et extract.
The extraction procedure used w as essentially  the sam e as described above with
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the exception o f the am ount of tim e each sam ple spent in the 0.60 N HCl. For the 
wet sedim ent extraction procedure the reaction tim e was approxim ately 2 hours. 
In addition, an aliquot o f each w et sedim ent sam ple was w eighed to within two 
decim al places of the w eight o f the sam ple used in the extraction. These aliquots 
were then dried for approxim ately 24 hours at 70 °C and re-weighed. The 
weight of the dried aliquots were then recorded as a surrogate sample weight for 
the extractions. A com parison o f these two m ethods with respect to the am ount 
o f arsenic recovered is presented in figure 2A. The correlation between these two 
methods is significant and im proves by rem oving the Hebgen and Quake Lake 
data (Figure 2B). There was no significant difference between the two extraction 
techniques with respect to the correlations between arsenic and iron, alum inum , 
and m anganese. For this reason data from  extracts of dried sam ples w ere used.
Additional aliquots of each sedim ent sam ple were used for total and carbonate 
carbon analyses. Each aliquot was analyzed, in duplicate, on an UIC M odel 5010 
C O 2  Coloum eter with the difference betw een the two analyses giving the organic 
carbon content (Appendix). The precision of these methods was established 
through repeated analysis o f experim ental grade calcium  carbonate.
Both w ater and H Cl-extraction solutions were analyzed with an Inductively 
Coupled A rgon Plasm a Spectrom eter (Jarrel-Ash Model 800 Atom Com p) to 
determ ine the concentration of Al, As, Ca, Fe, Mn, and Na. The accuracy and 
precision for this m ethod was established through repeated analysis o f USGS 
(United States Geological Survey) w ater standards T103, T97 (Table 1), and 
sedim ent standard SED2, as well as NBS (National Bureau of Standards) sedim ent 
standards 1646, and 2704 (Table 3). An additional check o f instrum ent precision
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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was made through standard additions of 1.00 and 10.00 mg/1 arsenic and 100.00 
mg/1 calcium  to previously analyzed samples chosen at random  (Tables 2, 4, 
and 5).
Results and Discussion
The valence state o f arsenic is critical both for its bioavailability and when 
considering sorption reactions involving am orphic precipitates (Salom ons and 
Forstner, 1988; Pierce and M oore, 1980, 1982; Peterson and Carpenter, 1985). 
Arseni te forms, As(III), are much more toxic for biological species and more mobile 
than those of arsenate, As(V) (Ferguson and G avis 1972). Arsenate has been 
shown to be m ore readily adsorbed by iron oxides and the m ost im portant species 
when considering alum inum  and m anganese oxides (Pierce and M oore, 1980, 
1982; Takam atsu et aï., 1985; Thanabalasingan et al., 1986). The dom inant arsenic 
species was not determ ined analytically in this study. How ever, dissolved 
oxygen m easurem ents taken hourly over approxim ately 36 hours near W est 
Y ellow stone and Three Forks, MT. (average concentrations w ere 98%  and 96% 
of total saturation, respectively), and over the sam ple locations on Ennis Lake 
(91%), indicate oxidizing conditions, and so relatively high Eh values. This 
suggests that the dom inant arsenic species was m ost likely arsenate (Figure 3).
Trends and Relationships in Solutes
All data are presented in figures 4 through 6 and appendix A, These data
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m ust be viewed with caution because o f different sam pling tim es for the 
reservoirs and the upper M adison R iver and because the am ount o f seasonal 
variation is not known.
Arsenic concentrations are elevated in the headw aters o f the M adison River 
and drop significantly between Hebgen and Q uake Lakes (Figure 4). Below 
Quake Lake the arsenic concentrations dem onstrate a m ore gradual decrease to 
Canyon Ferry Reservoir with all m ain stem  sites elevated over the tributaries. The 
reservoirs on the M adison River all possess elevated concentrations of arsenic 
when com pared to the main stem  sites (Figure 4). As well, sodium and alum inum  
are elevated in the headw aters of the M adison R iver (Figures 5A and 5B), 
However, aluminum concentrations lie prim arily at or below the lim it of detection 
from above Quake Lake to Canyon Ferry Reservoir (Figure 5B) while the sodium 
concentrations display a trend sim ilar to that of arsenic (Figure 5A). Iron and 
m anganese concentrations are low in the upper M adison relative to the 
concentrations recorded below Hebgen Lake and the M issouri R iver (Figures 6A 
and 6B). Below Quake Lake the iron concentrations are highly variable 
throughout the M adison R iver and show a m oderate increase in the M issouri 
R iver (Figure 6A). The m anganese concentrations are relatively low throughout 
the drainage and display no distinct trend (Figure 6B).
Stauffer et al. (1980) reported low er arsenic and higher m anganese 
concentrations in w ater sam ples collected from  the spillw ay o f H egben dam 
relative to the upper M adison River. They attributed this decrease to inputs from 
sources other than the M adison R iver acting to dilute arsenic and increase 
m anganese concentrations in H ebgen Lake. The data collected for this study
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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shows that the arsenic concentrations drop considerably from  the upper M adison 
to the sites located below  Hebgen Lake (Figure 4). Conversely, the m anganese 
concentrations show an increase from  the upper M adison to the sites located 
between Hebgen and Q uake Lakes (F igure 6B). All of this suggests that arsenic 
is being diluted while residing in H ebgen Lake thus corroborating the findings of 
Stauffer et al. (1980). Arsenic concentrations are elevated in the M adison Arm 
portion of Hebgen Lake. Because only the M adison A rm  was sam pled 
(appendix) these data cannot be considered as being representative of the entire 
lake. However, these data suggest that some processes m ay be adding arsenic, at 
least locally, to the water colum n.
Scatterplots of Fe, Al, and M n vs. As for the M issouri and M adison Rivers only 
(Figures 7A through 7C), show no strong correlations which suggest little control 
by colloids o f these m etals (< 0.45 m icron). Because a 0.45 micron filter was used 
to collect all water samples, there exists a possibility that As was 
adsorbed/coprecipitated with Fe, Al, and Mn colloids. This relationship was 
tested by an experim ent conducted on the F irehole and G ibbon Rivers in which 
water samples were collected using 0.1, 0.45, and 0.8 micron filter as well as a 
fourth unfiltered sample. Figures 8A and 8B show that there is no m easurable 
difference in the As and Al concentrations w ith increasing pore size in both 
tributaries. However, the Fe and M n concentrations increase (Figures 9A and 
9B) from the 0.1 m icron filter to the unfiltered sample (M n concentrations were 
below detection in the Firehole River). Because o f the lack of any relationship 
between As, Fe, and Mn oxyhydroxides, these data suggest that colloids are not 
im portant and that arsenic is likely carried in true solute form (> 0.1 micron).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Correlations between N a and As are strong over the entire data set (Figure 
10A) and remain significant when rem oving the outliers from  Hebgen Lake and 
the upper M adison (Figure lOB). This relationship between arsenic and a 
conservative elem ent (M anahan, 1991; Stauffer et al., 1980), strongly suggests 
that arsenic is behaving conservatively and supports the solute nature o f arsenic 
in the basin.
Trends and Relationships in Sedim ent
The arsenic, m etal, organic carbon, and carbonate carbon data are presented in 
figures 11 through 14 and appendix A. In general, the arsenic concentrations are 
highly variable in the M adison R iver and are elevated over the M issouri R iver 
and tributary values (Figure 11 A). A bove Quake Lake the concentrations are low 
relative to the average value of Hebgen Lake. Below Quake Lake the 
concentrations are initially elevated before decreasing w ith distance tow ard 
Canyon Ferry Reservoir. A lum inum  concentrations display a trend that is similar 
to that o f arsenic (Figure 1 IB). H ow ever, the tributary values are not significantly 
different from  the concentrations found in the low er M adison. Furtherm ore, the 
M issouri R iver alum inum  concentrations are generally elevated over the M adison 
River values. Iron concentrations, like arsenic and alum inum , are relatively low in 
the upper M adison and show an increase, on average, in Hebgen Lake (Figure 
12A). In addition, the iron concentrations increase below  Quake Lake before 
showing an overall decrease w ith river k ilom eter tow ard Canyon Ferry Reservoir. 
U nlike arsenic and alum inum , iron concentrations do not drop between Hebgen
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and Quake Lakes but are sim ilar to both lakes (Figure 12A).
Sodium  concentrations are elevated in the headw aters o f the M adison River 
and show an overall decrease with river km  to Quake Lake (Figure 12B). From 
Quake Lake to the headw aters o f the M issouri R iver the concentrations rem ain 
relatively constant before show ing a m oderate decrease below the Jefferson and 
Gallatin rivers. M anganese and organic carbon concentrations are relatively low 
throughout the drainage and are at levels in the tributaries sim ilar to those of the 
main stem (Figures 13A and 13B). Calcium  and carbonate carbon concentrations 
are relatively low throughout the M adison R iver and increase significantly in the 
M issouri R iver (Figures 14A and 14B). The concentrations of these two elem ents 
are significantly elevated in the tributaries when com pared to the M adison River 
values.
During the May - June runoff periods, Stauffer et al. (1980), suggests that the 
pH  of the upper M adison River likely drops w hile the riverborne flux of sorption 
active elastics increases. In neutral to mildly alkaline solutions, a relatively small 
decrease in pH has been shown to result in an increase in the am ount o f arsenate 
adsorbed by hydrous Fe oxides (Fuller and Davis, 1990; Pierce and M oore, 1982). 
Therefore, it is possible that dissolved arsenate is being controlled by sorption 
onto riverborne sedim ent/particulate during high flow periods. Upon 
encountering Hebgen Lake the entrained sedim ents are redeposited. All of this 
could account for the increase in the average arsenic concentration from  the 
upper M adison to Hebgen Lake (Figure 11 A).
The overall decrease in sedim ent arsenic concentrations from Hebgen Lake to 
Canyon Ferry Reservoir suggests that dilution may be playing a prim ary role in
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the observed trend (Figure 11 A). The M issouri R iver average arsenic 
concentration is low er than that observed in the low er M adison River. This is 
likely the result of further dilution by the relatively arsenic-free sedim ent of the 
Jefferson and Gallatin Rivers (Figure 11 A).
Fe-Al-M n-organic carbon/As m olar ratios are presented in figures 15A through 
16B. Arsenic may behave differently in the lakes and reservoirs of the M issouri 
and M adison rivers due to the possible existence o f anaerobic conditions in their 
respective w ater colum ns. For this reason the data presented is lim ited to the 
M issouri and M adison River main stem  and tributary sites only. Both the Fe/As 
and A l/A s m olar ratios are low and relatively constant when com pared to the 
M issouri R iver and tributary data (Figures 15A and 15B), G iven the large degree 
of variability in the arsenic concentrations (Figure 11 A), the relatively constant 
ratios found in the M adison River data indicate possible control of arsenic by 
oxyhydroxides of these metals. The increase in M issouri River Fe/As and Al/As 
m olar ratios (Figures 15A and 15B) are due m ost likely to dilution of the arsenic 
enriched M adison River sedim ents by the sedim ent of the Jefferson and Gallatin 
Rivers which are depleted in arsenic (Figure 11 A). The variability in the M issouri 
River m olar ratio data suggests little control o f arsenic by iron and aluminum 
oxyhydroxides. In contrast to the Fe/A s and A l/As m olar ratio  data, the M n/As 
and organic carbon/As m olar ratios are relatively low and highly variable 
throughout the M adison and M issouri R ivers (Figures 16A and 16B). This 
indicates little control of arsenic by M n oxides and organic carbon. However, 
like Fe/A s and Al/As, these ratios increase from  the M adison to the M issouri River 
indicating that dilution m ay be playing a prim ary role in the observed sedim ent
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arsenic trends of the M issouri River.
Scatterplots of Fe, Al, Mn, and organic carbon vs. As for the M issouri and 
M adison Rivers dem onstrate no correlation (Figures 17A through 17D). Limiting 
the data set to the M adison R iver strengthens the relationships. However, the 
correlation coefficients are not indicative o f a strong or even a m odest 
relationship (Figures ISA  through 18D). The scatterplot of Fe vs. As shows the 
m ost im provem ent when lim ited to the M adison River (Figure ISA). In light of 
the relatively constant Fe/As m olar ratio data (Figure 15A), and the large body of 
evidence describing arsenic’s affinity for iron oxyhydroxides, these data suggest a 
possible relationship.
The sorption of arsenic onto Fe, Al, and Mn oxyhydroxides has been shown to 
be strongly dependant upon solution pH  (Fuller and Davis, 1990; Pierce and 
M oore, 1980, 1982; Logsdon et al., 1974; Takam atsu et al., 1985; O sc arson et al., 
1980,1981, 1983; M oore et al., 1989). In general, neutral to mildly alkaline waters 
are sub-optim al for sorption reactions between arsenic and oxyhydroxides of these 
metals (Pierce and M oore, 1982; Logsdon et al., 1974; Oscarson et al., 1980, 1981, 
1982; Takam atsu et al., 1985). This is related to the point of zero charge o f these 
oxyhydroxides; Fe possessing the highest in the range of 8 - 9, followed by Al and 
Mn at 7 - 8 and 2 - 3 ,  respectively (M anahan, 1991). Below their respective points 
o f zero charge, these oxyhydroxides acquire positive surface charges, the strength 
o f the charge increasing with decreasing pH  (M anahan, 1991). A t the tim e of this 
study, the m easured pH  o f the M adison and M issouri Rivers was 8.1 ±  0.2 (the 
M adison R iver pH  above Hebgen Lake was 7.5 + 0.2). All o f which may explain 
the relatively weak relationships betw een As and Fe, Al, and Mn.
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Sedim ent M ixing M odel
The elevated calcium  concentrations in both the Jefferson and Gallatin Rivers 
(Figure 14A) provide an opportunity to determ ine the percent of M issouri River 
sedim ent which originates in the M adison River. This is possible because Ca is 
likely derived from HCl dissolution o f CaCOg which is prim arily conservative 
over the pH  range recorded at the tim e of this study (M anahan, 1991; Snoeyink 
and Jenkins, 1980). Faure (1991) describes this model through the following 
formula:
fa = (X)m - (X)b / (X)a - (X)b 
where fa = percent contribution o f source A
(X)a = Concentration of X supplied by source a 
(X)b = Concentration o f X supplied by source b 
(X)m  = Concentration of X found in a m ixture of a and b 
Letting X = the average calcium  concentration
m = the M issouri R iver above Toston Reservoir 
a  = the M adison River below Ennis Lake 
b = the Jefferson and G allatin Rivers com bined 
The results are presented in table 6 and indicate that the percent contribution by 
the M adison River is approxim ately 42%  + 13% and that the Jefferson and 
G allatin rivers com bined contribute 58%  ± 13% (the range of 13% is half the 
difference between fa’s calculated using one standard deviation above and below 
the mean values of (X)a, (X)b, and (X)m ). A test on the validity of this model can 
be m ade by applying it to other elem ents associated with the sedim ent which are
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thought to behave conservatively in this system. O ne such elem ent is carbonate 
carbon based on the reasonable assum ption that it is associated prim arily with 
CaCO s (Drever, 1988; M anahan, 1991). The predicted carbonate carbon 
concentration for the M issouri R iver is 10,111 ±  2324 which is in close agreem ent 
with the actual concentration o f 10,220. A pplying this m odel to the arsenic data 
yields a predicted average concentration o f 25.3 + 7.5 which is som ewhat 
elevated over the actual average concentration of 13.1 ±  7.0 but within the range 
of error. This model holds when applied to Fe, Al, and N a and yields predicted 
concentrations for Fe and Al which are in close agreem ent with their actual 
averages (Table 3).
Because both the Jefferson and Gallatin Rivers possess relatively low 
concentrations of sedim ent-bound arsenic, this model suggests that the arsenic 
enriched sedim ent of the M adison R iver is being diluted by approxim ately 60% 
while residing in the M issouri R iver above Toston Reservoir and that arsenic 
trends are primarily controlled by dilution.
Ennis Lake Sediment
All data is presented in figures 19A through 24B and the Appendix. The 
depth profiles for cores IB , 3B, 4B, and 9B all show the maxim um  arsenic and 
m anganese concentrations in the 0 - 1 0  cm  interval (Figures 19A through 19D). 
This shallow depth concentration m axim a is observed for iron in cores 3B and 4B 
as well (Figures 20A and 20B). A ll of this suggests either a recent deposition of 
m etal and arsenic enriched sedim ent or, m ore likely, diagenetic cycling of these
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constituents.
The sedim ent-arsenic concentrations of Ennis Lake are com parable to the 
observed concentrations o f the upper M adison River which does not receive any 
anthropogenic inputs (Figure 1 lA ). Furtherm ore, if the elevated surficial arsenic 
concentrations were derived from  anthropogenic sources, than we should also 
see relatively little change in the concentrations of iron and m anganese with 
depth as these elem ents are com m only scavenged by sulfides in a reducing 
environm ent (Nordstrom , 1982; M oore et al. 1988). All of this suggests that a 
relatively recent deposition of arsenic and metal rich sedim ent is not likely.
It is reasonable to assum e that the sedim ent of the M adison River has always 
been enriched in arsenic due to inputs of arsenic enriched w ater from hot-spring 
drainages in Yellowstone National Park (Stauffer et al., 1980). Furtherm ore, it is 
likely that Ennis Lake has continuously acted as a trap for sedim ent since its 
construction. This suggests that the arsenic m axim a found over the 0 - 1 0  cm 
interval is due to diagenetic cycling.
D iagenetic cycling involves spéciation, dissolution, diffusion, and advection of 
porew ater and arsenic com pounds in response to a change in the chemical 
environm ent (Takamatsu et al., 1985; Peterson and Carpenter, 1985). W ith 
increasing sedim ent depth a reducing environm ent prevails due to the 
consum ption of oxygen during organic degradation by m icrobes (Drever, 1988; 
Ferguson and Gavis, 1972; Aggett and O 'Brien, 1985). W ith continued sedim ent 
deposition the redox boundary gradually m oves higher in the sedim ent colum n, 
thus subjecting previously oxidized sedim ent to a reducing environm ent.
A rsenic has been shown to be strongly associated w ith iron and m anganese
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oxyhydroxides in surficial lake sedim ents (Takam atsu et al., 1985; Peterson and 
Carpenter, 1985). As these oxyhydroxides are subjected to a reducing 
environm ent, Fe(III) and M n(IV) are reduced to Fe(II) and M n(II) which releases 
them  to the porew ater (Nordstrom , 1982; Peterson and Carpenter, 1985). This 
results in the release o f As(V) associated with these com pounds to the porewater 
and its subsequent reduction to A s(III) (Ferguson and G avis, 1971). In 
anthropogenically contam inated system s, sulfides com m only scavenge these 
elements effectively rem oving them from  the porewater (Nordstrom , 1982; M oore 
et al., 1988). Lake environm ents that are largely free o f anthropogenically 
derived contam ination are typically low in sulfides (Duel and Swoboda, 1972). 
W ith no m echanism  to rem ove arsenic, iron, and m anganese from  the porewater 
they likely diffuse or advect upward due to continued sedim ent loading.
The upw ard diffusion or advection of M n(II) and its subsequent oxidation and 
precipitation likely accounts for the concentration m axim a found in the surficial 
sediments ( 0 - 1 0  cm ) of cores IB , 3B, 4B, and 9B (Figures 19A through 19D). 
Fe(II) oxidizes and precipitates more rapidly than M n(II) upon encountering 
dissolved oxygen (Jenne, 1976). This could account for the 10 - 20 cm interval 
Fe m axim a in cores IB  and 9B (Figures 21A and 21B) as opposed to the 0 - 1 0  cm 
interval Mn m axim a (Figures 19A and 19D). This relationship between iron and 
m anganese in sedim ent profiles has been reported by researchers working in 
similar environm ents (Peterson and Carpenter, 1985). The similarities in the core 
profiles o f M n and Fe at sites 3B and 4B (Figures 19B, 19C, 20A and 20B) most 
likely results from a resolution problem  stem m ing from  the fact that the cores were 
sectioned into 10 cm  lengths. U nlike Fe(II) and M n(II) oxidation, the oxidation of
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As(IlI) to As(V) alone, in natural environm ents, does not directly result in the 
precipitation o f arsenate (Salom ons and Forstner, 1988). This suggests that the 
arsenic m axim a found in the 0 - 1 0  cm  interval is likely occurring through 
adsorption and/or coprecipitation with hydrous Fe and Mn oxides as has been 
suggested by researchers working in other lake environm ents (Takam atsu et al., 
1985; Peterson and Carpenter, 1985).
A com parison of the Fe and Mn profiles, with respect to arsenic, from cores IB  
and 9B (Figures 19A, 19D, 21A, 21B) suggests that Mn may be more effective 
than Fe at adsorbing or coprecipitating with As at these sites. Hydrous 
m anganese oxide has a point of zero charge of approxim ately 2.3 w hile hydrous 
iron oxide is approxim ately 8.6 (see Takam atsu et al., 1985; Drever, 1988; 
M anahan, 1991). A t pH values below their respective points of zero charge both 
oxides acquire positive surface charges. If  the porew ater pH o f cores IB  and 9B 
was acidic, we should see a strong relationship between iron and arsenic given 
the relative abundance of iron at these sites as com pared to m anganese. In their 
work with lake sedim ents Takam atsu et al. (1985) found that in the presence of 
divalent cations, especially M n(II), hydrous m anganese oxides were highly 
efficient adsorbers of arsenate up to pH 8. This they attributed to the adsorption 
of divalent cations, by hydrous m anganese oxides, w hich induces a positive 
surface charge. All o f this is a possible explanation for the strong relationship 
between arsenic and m anganese, relative to iron, from  cores IB and 9B but is 
d ifficult to substantiate w ithout porew ater and species data.
The depth profile o f Fe and M n in core 2B (Figures 22A and 22B) suggests 
that dissolved oxygen is available to a greater depth than in the other cores.
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Furtherm ore, the arsenic concentrations are considerably low er than those 
observed at the other sites and show a relatively insignificant increase in 
concentration from the 30 - 40 cm  interval to the 20 - 30 cm interval (Figure 
22A). A lthough porew ater sam ples w ere not collected, this data suggests low 
porew ater arsenic concentrations at this site relative to the other locations which 
may be a lim iting factor in sorption reactions involving hydrous iron and 
m anganese oxides.
Because o f diagenetic cycling, Ennis Lake sedim ents should be elevated in 
arsenic, m anganese, and iron ( 0 - 1 0  cm  interval) when com pared to the 
concentrations of the M adison River above Ennis Lake. Figures 23A, 23B, and 
24A suggest that arsenic, m anganese, and iron sedim ent concentrations of Ennis 
Lake and the M adison R iver above Ennis Lake represent two separate 
populations. However, the sedim ent arsenic concentrations of Ennis Lake are 
highly variable and com pletely overlap the range in concentrations observed on 
the M adison River (Figure 24A). This relatively large range in Ennis Lake 
concentrations is prim arily controlled by the concentration at site IB  w hich is 
significantly higher ( 0 - 1 0  cm  interval) when com pared to the other sites (Figure 
24B). It is likely that these data reflect a m ixture of sedim ent both enriched and 
depleted in arsenic in the upper 10 cm. Therefore, using mean arsenic values 
recorded above Ennis Lake and the 0 - 1 0  cm  interval from Ennis Lake, the 
sedim ent of the M adison River is possibly enriched by approxim ately 75% in 
Ennis Lake.
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Ennis Lake W ater
The water column arsenic concentrations are highly variable throughout the 
lake ranging from 0.045 to 0.090 (Figure 25). In general, the sites located on the 
w est and east sides o f the lake have low er concentrations than those located near 
the m outh o f the M adison River and in, or near. Bear Trap Canyon located at the 
N ortheast end of the lake (Figures 25 and 26). This observed variability most 
likely results from m ultiple low-arsenic w ater inputs to the w est and east ends 
(Figure 27).
The dissolved arsenic concentrations of Ennis Lake and two M adison River 
sites, located above and below  Ennis Lake (sites AER and BER, respectively), are 
presented in figure 28 (relative location; Figure 27). The arsenic concentrations 
dem onstrate the greatest variability in Ennis Lake with a range in values 
encom passing those observed at both M adison River sites. Furtherm ore, the 
m ajority of the Ennis Lake concentrations are within the range of values 
observed at site AER.
The M adison River receives relatively significant inputs from O'Dell and Jack 
Creeks (103 and 60 cfs, respectively, as reported by the USGS on 5/10/91) which 
are located between site AER and Ennis Lake (Figure 27). The percent dilution 
of M adison River arsenic concentrations by these tributaries cannot be 
determ ined directly by this study because these locations were not sampled. 
However, it is assumed that both O 'Dell and Jack Creeks are relatively low in 
dissolved arsenic. This is suggested from  w ater data collected Decem ber 12-16, 
1989, which shows that the sites located on the M adison River below the
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confluence of O’Dell and Jack Creeks to be low er in dissolved arsenic than those 
sites located ju st above them  (Figure 4; between river km 150 and Ennis Lake). 
Therefore, it is unlikely that these two tributaries contribute to the high-end 
arsenic values in Ennis Lake.
Ennis Lake is set in a relatively broad valley which results in its large areal 
coverage (approxim ately 17 square km ) and shallow depth (main body depth 
ranges from 1 - 4  meters. Bear Trap Canyon depth is 8 - 9 meters). W ave activity is 
usually substantial, therefore, it is reasonable to assum e that the upper few 
centim eters of sediment are being periodically mixed with the overlying mildly 
alkaline water (pH ranged from 8.0 - 8.9). A lthough porew ater pH com m only 
increases with height in the sedim ent colum n, the pH o f the porew ater over the 
zone of M n(II) and Fe(II) precipitation is m ost likely low er than that of the 
overlying water. Relatively small increases in pH have been shown to be 
conducive to desorption o f arsenic from iron oxyhydroxides (Fuller and Davis, 
1990). Therefore, periodic mixing of the sedim ent with the overlying water may 
result in arsenic desorption thereby increasing the dissolved arsenic concentrations. 
A lternatively, sedim ent-bound arsenic may be m obilized over the winter months as 
Ennis Lake becomes ice-bound. The shift from  aerobic to subaerobic/anoxic 
conditions in the w ater colum n would likely result in the reduction of M n(IV ) and 
Fe(III)-oxides and the release o f As(V), sorbed/coprecipitated with those oxides.
All of this is difficult to substantiate w ithout seasonal porew ater and tributary 
data and is presented here only as possible m echanism s by which arsenic is 
m obilized to the w ater colum n and as possible explanations for the elevated 
dissolved arsenic concentrations in M adison R iver lakes.
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Conclusions
The trend in dissolved arsenic indicates that the prim ary source of arsenic in 
the M adison-M issouri River system  is in the headw aters of the M adison River. 
M ultiple inputs from stream s dilute the arsenic rich w ater o f the M adison River.
This is indicated by the overall appearance of the dissolved arsenic trend and 
supported by the relatively strong correlation with dissolved sodium. This 
relationship between solute arsenic and sodium  indicates that arsenic is behaving 
conservatively and, given the filter data which suggests that solute arsenic is truly 
dissolved, supports a  dissolved phase for arsenic transport. The lack of any 
correlation between dissolved arsenic and iron, alum inum , and m anganese 
indicates little control by colloids (<0.45 micron) of these metals.
The relationships between sedim ent-bound As and Fe, Al, and Mn suggests 
little control by oxyhydroxides o f these metals. This is due m ost likely to the 
relatively high pH m easured throughout the drainage which has been shown to 
be suboptimal for sorption reactions involving these constituents. The 
relationship between As and Fe, how ever, strengthens when lim ited to the 
M adison River. G iven the large body o f research w hich clearly describes arsenics 
affinity for iron oxyhydroxides and the relatively constant Fe/As m olar ratios, 
there m ay be som e control o f particulate arsenic by Fe oxyhydroxides in bed- 
sedim ent o f the M adison River.
The relatively large decrease in sedim ent arsenic concentrations from  the 
M adison to the M issouri R iver is due prim arily to m ixing with the arsenic 
deficient sedim ent o f the Jefferson and Gallatin Rivers. This is supported by the
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m ixing model results w hich indicate that the sedim ent of the M adison River is 
diluted by approxim ately 60% after its confluence with these two rivers.
The research conducted on the sedim ent and water o f Ennis Lake suggests 
that the sediments are acting as both a sink and a source of dissolved arsenic.
The strong relationship between arsenic and m anganese, and to an extent iron, 
suggests that diagenetic cycling is the process by which arsenic is concentrated 
in the sediment. This is supported by the surficial sedim ent concentration m axim a 
of arsenic and m anganese as well as the iron m axim a which lies at a som ewhat 
deeper depth. The periodic m ixing o f arsenic rich sedim ents with the overlying 
mildly alkaline w ater may be acting to release arsenic to the water colum n. As 
well, if anaerobic conditions prevail during the winter m onths then arsenic m ay be 
further mobilized as M n(IV) and Fe(III) are reduced. All of this may possibly 
explain the elevated dissolved arsenic concentrations observed in all M adison 
River lakes.
The data collected for this study indicates that iron, alum inum, and m anganese 
oxides, and organic carbon, play a relatively m inor role in controlling dissolved 
arsenic concentrations. Furtherm ore, the dissolved arsenic concentrations are 
prim arily controlled by dilution after its introduction into the headw aters of the 
M adison River. The arsenic concentrations of the M issouri River are strongly 
influenced by the Jefferson and Gallatin Rivers which act to further dilute the 
sedim ent and dissolved arsenic concentrations of the M adison River.
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Table 1. Concentrations and (standard deviations) for U.S. Geological Survey 
(USGS) water standards. Values listed in mg/1. BD = Below Detection,
L.O.D. = Lim it o f Detection.
USGS T103 USGS T97
Metal L.O.D. Given Obtained Given Obtained
(n=l l ) (n=15)
Al 0.03 0.127 0.112 0.126 0.112
(0.038) (0.03) (0.042) (0.03)
As 0.05 0.003 BD 0.01 BD
(0.001) (0.001)
Fe 0.005 0.041 0.037 0.1 0.098
(0.008) (0.004) (0.009) (0.006)
Ca 0.004 54.7 49.5 54 53.7
(2.0) (15.7) (2.1) (3.6)
Mn 0.002 0.009 0.008 0.03 0.03
(0.002) (0.0003) (0.003) (0.002)
Na 0.02 107 no 59 61.4
(5.0) (3.74) (3.1) (3.6)
Table 2. Concentrations and (standard deviations) of U.S. Geological Survey 
(USGS) water standards T103 and T97 after standard arsenic additions. 
Concentrations in mg/1.
Sample
Calculated with 
Standard Addition
Measured with 
Standard Addition
Percent
Recovered
USGS T103 
(n=8)
1.00 1.01
(0.004)
101
(0.029)
USGS T97 
(n=7)
0.41 0.37
(0.067)
96
(0.066)
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Table 3. Concentrations and (standard deviations) for HCl-extracts of National 
Bureau of Standards (NES) and U.S. G eological Survey (USGS) sediment 
standards. Values listed in mg/kg. B ecause the standards are certified for total 
metals only, this data is restricted to precision evaluation.
USGS SED2 NBS 1646 NBS 2704
Metal (n=57) (n=30) (n=29)
Al 3152 4208 3033
(186) (311) (318)
As 112 4.1 11.3
(4.3) (2.2) (6.2)
Ca 16211 3263 23622
(250) (50.4) (678)
Fe 8718 7865 10075
(342) (497) (621)
Mn 1375 101 340
(22.8) (6.6) (8.8)
Na 39.6 10387 26.1
(4.9) (992) (4.0)
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Table 4. Results of 10 mg/I standard arsenic additions to com posite sediment 
sam ple extracts chosen at random.
Calculated Measured
Volume Sample Pre-Spike with with
Added Volume Sample Measurement Spike Spike Percent
W) (ml) (mg/1) (mg/1) (mg/1) Recovered
140 5 JE Comp. 0.082 0.352 0.362 103
70 5 JE Comp. 0.082 0.219 0.228 104
60 5 MO Comp. 0.264 0.379 0.372 98
20 5 MO Comp. 0.264 0.303 0.299 99
70 5 MA Comp. 0.737 0.865 0.868 100
140 5 MA Comp. 0.737 0.989 0.989 100
140 5 MA Comp. 0.631 0.886 0.878 99
70 5 MA Comp. 0.631 0.76 0.746 98
40 5 MA Comp. 0.631 0.705 0.704 100
80 5 EN Comp. 0.55 0.699 0.694 99
40 5 EN Comp. 0.55 0.625 0.614 98
140 5 HL Comp. 1.4 1.63 1.64 101
70 5 HL Comp. 1.4 1.52 1.52 100
140 5 MA Comp. 1.11 1.35 1.34 99
70 5 MA Comp. 1.11 1.23 1.22 99
40 5 MA Comp. 111 1.18 1.17 99
80 5 JE Comp. 0.123 0.279 0.278 100
40 5 JE Comp. 0.123 0.201 0.193 96
20 5 JE Comp. 0.123 0.162 0.135 83
80 5 EN Comp. 0.59 0.738 0.73 99
40 5 EN Comp. 0.59 0.665 0.664 100
20 5 EN Comp. 0.59 0.627 0.615 98
60 5 MO Comp. 0.284 0.399 0.363 91
40 5 MO Comp. 0.284 0.361 0.339 94
20 5 MO Comp. 0.284 0.323 0.297 92
140 5 JE Comp. 0.115 0.384 0.306 80
70 5 JE Comp. 0.115 0.251 0.219 87
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Calculated Measured
Volume Sample Pre-Spike with with
Added Volume Sample Measurement Spike Spike Percent
(til) (ml) (mg/1) (mg/1) (mg/1) Recovered
20 10 M06 0.017 0.0369 0.036 98
40 10 M06 0.017 0.0568 0.0555 98
20 10 M02 0.0204 0.0403 0.0348 86
40 10 M02 0.0204 0.0601 0.0562 93
150 10 MA15B;3 0.215 0.36 0.367 102
200 10 MA15B; 3 0.215 0.407 0.434 107
150 10 MA14B; 1 0.379 0.521 0.507 97
200 10 MA MB; 1 0.379 0.568 0.541 95
150 10 MA16B;2 0.209 0.354 0.373 105
200 10 MA16B;2 0.209 0.401 0.4 100
150 10 MA13B; 1 0.232 0.376 0.355 94
200 10 MA13B; 1 0.232 0.423 0.377 89
150 10 MA MB; 3 0.353 0.495 0.499 101
200 10 MAMB;3 0.353 0.542 0.535 99
20 10 EN 102 0.0333 0.0532 0.0444 83
40 10 EN 102 0.0333 0.073 0.0608 83
20 10 BER0500 0.03 0.0499 0.0499 100
40 10 BER0500 0.03 0.0697 0.0686 98
20 10 ENI14 0.0318 0.0517 0.0421 81
40 10 EN114 0.0318 0.0715 0.0524 73
20 4 JE4-1 0.12 0.169 0.16 95
20 3.5 JE4-2 0.133 0.189 0.157 83
20 4 JE4-3 0.127 0.176 0.155 88
50 3.5 MA5-1 0.55 0.683 0.679 99
50 3 MA5-2 0.544 0.699 0.662 95
50 4 MA5-3 0.56 0.677 0.622 92
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Table 4 continued. 29
Calculated Measured
Volume Sample Pre-Spike with with
Added Volume Sample Measurement Spike Spike Percent
(Hi) (ml) (mg/1) (mg/1) (mg/1) Recovered
150 10 EN IB; 3-4 0.373 0.515 0.515 100
200 10 EN IB; 3-4 0.373 0.561 0.543 97
150 . 10 EN8B;0-1 0.394 0.536 0.535 100
200 10 EN8B; 0-1 0.394 0.582 0.596 102
150 10 ENIB; 1-2 0.38 0.522 0.519 99
200 10 ENIB; 1-2 0.38 0.569 0.576 101
150 10 EN9B; 3-4 0.375 0.517 0.514 99
200 10 EN9B; 3-4 0.375 0.564 0.562 100
150 10 EN9B; 4-5 0.399 0.541 0.53 98
200 10 EN9B; 4-5 0.399 0.587 0.591 101
20 10 E N l l l 0.083 0.103 0.097 94
40 10 E N l l l 0.083 0.122 0.12 98
20 10 BER 1530 0.071 0.091 0.098 108
40 10 BER1530 0.071 0.111 0.112 101
20 10 AER0600 0.076 0.096 0.087 91
40 10 AER0600 0.076 0.116 0.113 97
20 10 EN74 0.065 0.085 0.075 88
40 10 EN74 0.065 0.105 0.101 96
150 10 EN3B; 1-2 0.395 0.537 0.519 97
200 10 EN3B; 1-2 0.395 0.583 0.58 99
150 10 EN 6B;0 1 0.426 0.567 0.558 98
200 10 EN6B; 0-1 0.426 0.614 0.591 96
150 10 EN4B;20-21 0.246 0.39 0.368 94
200 10 EN4B;20-21 0.246 0.437 0.415 95
20 10 M04 0.0215 0.0414 0.0389 94
40 10 M04 0.0215 0.0612 0.0559 91
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 4 continued. 30
Calculated Measured
Volume Sample Pre-Spike with with
Added Volume Sample Measurement Spike Spike Percent
# (ml) (mg/1) (mg/1) (mg/1) Recovered
140 5 MA Comp. 0.703 0.956 0.891 93
70 5 MA Comp. 0.703 0.831 0.837 101
140 5 MA Comp. 0.628 0.883 0.873 99
70 5 MA Comp. 0.628 0.757 0.757 100
40 5 MA Comp. 0.628 0.702 0.684 97
SO 5 EN Comp. 0.544 0.693 0.706 102
40 5 EN Comp. 0.544 0.619 0.649 105
20 5 EN Comp. 0.544 0-582 0.596 102
140 5 HL Comp. 1.39 1.62 1.62 100
70 5 HL Comp. 1.39 1.51 1.5 99
40 5 HL Comp. 1.39 1.46 1.48 101
140 5 MA Comp. 0.606 0.861 0.857 99
70 5 MA Comp. 0.606 0.717 0.73 102
80 5 JE Comp. 0.085 0.241 0.237 98
40 5 JE Comp. 0.085 0.164 0.166 101
80 5 MO Comp. 0.312 0.464 0.465 100
40 5 MO Comp. 0.312 0.389 0.387 99
20 5 JE Comp. 0.108 0.147 0.149 101
10 5 JE Comp. 0.108 0.128 0.122 95
140 5 MA Comp. 0.73 0.982 0.977 99
70 5 MA Comp. 0.73 0.858 0.852 99
60 5 MO Comp. 0.297 0.412 0.39 95
20 5 MO Comp. 0.297 0.336 0.316 94
40 5 MO Comp. 0.297 0.374 0.365 98
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T a b le s . Results of 100 mg/1 standard calcium  additions to com posite sediment 
sam ple extracts chosen at random .
Calculated Measured
Volume Sample Pre-Spike with with
Added Volume Sample Measurement Spike Spike Percent
W (ml) (mg/1) (mg/1) (mg/1) Recovered
4 5 DGA Comp. 48.1 71.17 71.7 101
2 5 DGA Comp. 48.1 62.93 63.1 100
4 5 DTO Comp. 42.4 68 68.2 100
2 5 DTO Comp. 42.4 58.86 59.6 101
4 5 DOM Comp. 41.8 67.67 71.2 105
2 5 DOM Comp. 41.8 58.43 61.3 105
4 5 DGA Comp. 46.5 70.28 75.6 107
2 5 DGA Comp. 46.5 61.78 65.8 106
4 5 DTO Comp. 42.4 68 73.6 108
2 5 DTO Comp. 42.4 58.85 62.5 106
4 5 DJE Comp. 74 85.55 90.9 106
2 5 DJE Comp. 74 81.43 85.3 105
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Table 6. Average m easured value and (standard deviation) for selected elements 
from data set and predicted from  m ixing model. *= used for mixing calculation.
Ca*
Site Measured
Missouri River 34826
above Toston Reservoir (1711)
Predicted
NA
Carbonate Carbon
Measured Predicted
10220
(601)
10111
(2324)
Jefferson and 
Gallatin Rivers 
Combined
53178
(11361)
16256
(3859)
Madison River below 9260
Ennis Lake (1557)
1625
(634)
Site
As Fe
Measured Predicted Measured Predicted
Missouri River 13.1
above Toston Reservoir (7.0)
25.3
(7.5)
6297
(836)
6165
(1633)
Jefferson and 
Gallatin Rivers 
Combined
6
(2 .8)
5557
(444)
Madison River below 51.9
Ennis Lake (18.7)
7006
(1604)
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Table 6 continued. 33
Al Na
Site Measured Predicted Measured Predicted
Missouri River 4193 3618 69.9 87
above Toston Reservoir (374) (940) (14.1) (24)
Jefferson and 3638 67.9
Gallatin Rivers (710) (10.1)
Combined
Madison River below 3589 113
Ennis Lake (700) (18.8)
Mn
Site Measured Predicted
Missouri River 395 850
above Toston Reservoir (153) (218)
Jefferson and 923
Gallatin Rivers (397)
Combined
Madison River below 748
Ennis Lake (523)
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Figures 19A - 19D. Relationship between arsenic and m anganese with increasing 
sedim ent depth for cores IB , 3B, 4B, and 9B.
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Figures 20A and 20B, Relationship between arsenic and iron with increasing 
sediment sediment depth for cores 3B and 4B.
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Figures 21A and 21B. Relationship between arsenic and iron with increasing 
sedim ent depth for cores IB  and 9B.
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Figures 22A and 22B. Relationship betw een arsenic and iron and arsenic and 
m anganese with increasing sedim ent depth fo r core 2B.
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Figures 23A and 23B. Relationship between sample locations for HCl- 
extractable iron and m anganese.
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Figure 24A. Relationship between sample locations for HCl-extractable arsenic.
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centim eter interval with respect to sample location on Ennis Lake.
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A ppendix. Table A. Cabonate, total, and organic carbon analysis for sediment 
sam ples (mg/kg). CF = Canyon Ferry Reservoir, OM  and MO = Missouri River, 
TO  = Toston Reservoir, GA = Gallatin River, JE = Jefferson River, MA and M = 
M adison River, EN = Ennis Lake, QL = Quake Lake, HL = Hebgen Lake, FH = 
Firehole River, G = Gibbon River, n = num ber of replicates, BD = Below 
Detection, L.O.D. = Limit of Detection.
Carbonate Standard
n= River Km. Site Carbon Deviation
2 •0.8 CFl 5200 <50
2 -0.8 CF2 9400 400
2 -0.8 CF3 7100 50
2 -0.8 CF4 15500 350
2 -0.8 CF5 21600 100
2 -0.8 CF6 28300 150
2 0.0 *OMl 9200 <50
2 2.2 OM2 8900 50
2 3.5 OM3 10300 50
1 8.5 OM4 8800 0
2 13.6 OM5 9700 50
2 24.2 OM6 7600 <50
2 30.6 M05 9700 <50
2 32.2 OM7 8900 <50
2 32.9 TOI 8600 <50
2 32.9 T02 10700 50
4 32.9 T03 10800 50
2 32.9 T04 10800 50
2 32.9 T05 11100 50
2 32.9 T06 10200 <50
2 32.9 T07 10000 <50
2 32.9 T08 8900 50
2 32.9 T09 10100 50
2 40 OM8 9900 100
2 42.4 OM9 9500 <50
2 49.6 OMIO 10300 <50
2 53.3 OM ll 10100 <50
2 64.2 OM12 11300 50
2 65.8 GAl 10800 50
2 65.8 GA2 11300 <50
2 65.8 GA3 10700 50
2 68 JEl 18300 50
2 68 JE2 19000 150
2 68 JE3 19400 200
2 68 JE4 18500 50
2 68 JE5 20800 <50
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Appendix. Table A continued.
Carbonate Standard
n= River Km. Site Carbon Deviation
2 68 JE6 17500 50
2 73.3 MAI 2200 50
2 85.9 MA2 1700 50
1 87.8 MA3 1600 0
2 96.8 MA4 1700 <50
2 99.7 MA5 1200 50
2 100.9 MA6 900 200
2 102.5 MA7 600 50
2 103.8 MA8 900 50
2 109.1 MA9 1800 100
2 115.1 MAIO 1800 100
2 118.3 MAll 2100 <50
1 131.9 MA12 3000 0
2 132.5 ENl 2500 50
2 132.5 EN2 2300 <50
2 132.5 EN3 2300 300
2 132.5 EN4 5700 50
2 132.5 EN5 3300 50
2 132.5 EN6 3300 50
2 132.5 EN7 3100 <50
2 132.5 EN8 3100 <50
2 132.5 EN9 2900 200
2 132.5 ENIO 2900 50
2 143.1 MA13 6100 100
2 143.8 MA14 6000 <50
2 144.7 MA15 6000 <50
2 145.5 MA16 6200 50
2 149.1 MA17 3400 100
1 153.2 MA18 5800 0
2 154.1 MA19 6600 400
1 198.8 MA21 5800 0
2 227.4 MA24 3500 50
2 228.3 MA25 1800 50
2 234.1 QLl 4000 100
2 234.1 QL2 4900 <50
2 234.1 QL3 700 <50
2 239.1 MA27 7900 <50
2 239.4 MA28 7700 <50
2 239.7 MA29 3700 150
2 239.9 MA30 9900 50
2 263.7 HLl BD 0
2 263.7 HL2 1100 200
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Carbonate Standard
n= River Km. Site . Carbon Deviation
2 263.7 HL3 100 <50
2 263.7 HL4 200 50
2 263.7 HL5 100 <50
2 263.7 HL6 BD 0
2 263.7 HL7 BD 0
2 263.7 HL8 BD 0
2 263.7 HL9 200 50
2 263.7 HLIO 100 100
2 263.7 H L ll BD 0
1 263.7 HL12 BD 0
2 270 M7 100 <50
2 288.7 M6 200 <50
2 300.4 Ml 100 <50
2 301.6 M2 100 <50
2 305.4 M3 100 <50
2 305.7 M4 100 <50
2 306.5 M5 100 <50
2 315 FH2 100 <50
2 327.5 FHl 300 <50
2 310.4 G2 200 <50
4 317.2 G1 100 50
L.O.D. 100
Total Standard Organic
n= River Km. Site Carbon Deviation Carbon
3 -0.8 CFl 9100 300 3900
2 -0.8 CF2 15500 150 6100
2 -0.8 CF3 22000 350 14900
3 -0.8 CF4 39600 1150 24100
3 -0.8 CF5 69600 400 48000
2 -0.8 CF6 54000 1350 25700
2 0.0 *OMl 45800 150 36600
3 2.2 OM2 47200 2100 38300
2 3.5 OM3 40700 100 30400
2 8.5 OM4 37500 950 28700
2 13.6 OM5 44200 200 34500
2 24.2 OM6 37400 250 29800
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n= River Km. Site
Total
Carbon
Standard
Deviation
Organic
Carbon
2 30.6 M05 36900 200 27200
2 32.2 OM7 45200 300 36300
3 32.9 TOI 28500 2450 19900
2 32.9 T02 28500 350 17800
4 32.9 T03 43200 50 32400
2 32.9 T04 53400 1950 42600
2 32.9 T05 51800 100 40700
2 32.9 T06 51200 50 41000
2 32.9 T07 50200 400 40200
2 32.9 T08 50100 450 41200
2 32.9 T09 55500 1050 45400
2 40 OM8 32000 800 22100
2 42.4 OM9 39500 500 30000
2 49.6 OMIO 36700 1050 26400
3 53.3 OM ll 34300 1850 24200
3 64.2 OM12 39300 4050 28000
2 65.8 GAl 40000 100 29200
2 65.8 GA2 39400 100 28100
2 65.8 GA3 30000 750 19300
2 68 JEl 47900 300 29600
2 68 JE2 54200 650 35200
3 68 JE3 53000 3150 33600
2 68 JE4 51700 200 33200
2 68 JE5 54400 1000 33600
2 68 JE6 49700 350 32200
2 73.3 MAI 29200 150 27000
2 85.9 MA2 41300 450 39600
2 87.8 MA3 42600 350 41000
2 96.8 MA4 24300 250 22600
2 99.7 MA5 24500 600 23300
2 100.9 MA6 21300 550 20400
2 102.5 MA7 16600 300 16000
2 103.8 MA8 15100 300 14200
2 109.1 MA9 23700 150 21900
2 115.1 MAIO 21500 50 19700
2 118.3 MAll 33500 750 31400
2 131.9 MA12 37400 1250 34400
2 132.5 ENl 34300 50 31800
3 132.5 EN2 49000 1350 46700
2 132.5 EN3 37600 950 35300
2 132.5 EN4 21500 550 15800
2 132.5 EN5 30900 300 27600
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Total Standard Organic
n= River Km. Site Carbon Deviation Carbon
2 132.5 EN6 32800 150 29500
2 132.5 EN7 28000 500 24900
2 132.5 EN8 24000 250 20900
2 132.5 EN9 30700 250 27800
2 132.5 ENIO 34600 150 31700
2 143.1 MA13 31000 400 24900
2 143.8 MA14 31800 550 25800
2 144.7 MA15 30600 150 24600
2 145.5 MA16 29400 100 23200
2 149.1 MA17 45000 200 41600
2 153.2 MA18 33600 50 27800
1 154.1 MA19 32500 0 25900
1 198.8 MA21 36400 0 30600
2 227.4 MA24 29900 100 26400
2 228.3 MA25 19500 <50 17700
3 234.1 QLl 52700 750 48700
2 234.1 QL2 21700 200 16800
3 234.1 QL3 47600 950 46900
2 239.1 MA27 21700 100 13800
2 239.4 MA28 21600 50 13900
2 239.7 MA29 14600 300 10900
2 239.9 MA30 25000 100 15100
2 263.7 HLl 40200 6500 40200
2 263.7 HL2 24800 1250 23700
2 263.7 HL3 39800 250 39700
2 263.7 HL4 33000 300 32800
2 263.7 HL5 31300 600 31200
2 263.7 HL6 39300 400 39300
3 263.7 HL7 35700 2300 35700
3 263.7 HL8 33100 650 33100
2 263.7 HL9 34800 850 34600
2 263.7 HLIO 28900 400 28800
2 263.7 H L ll 31800 300 31800
2 263.7 HLl 2 46100 <50 46100
2 270 M7 21700 50 21600
2 288.7 M6 20600 100 20400
2 300.4 Ml 17000 <50 16900
2 301.6 M2 22100 50 22000
4 305.4 M3 17400 650 17300
2 305.7 M4 20400 150 20300
2 306.5 M5 31300 100 31200
3 315 FH2 54800 1800 54700
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n= River Km. Site
Total
Carbon
Standard
Deviation
Organic
Carbon
3 327.5 FHl 46900 2950 46600
2 310.4 G2 37900 550 37700
4 317.2 G1 8200 300 8100
L.O.D. 100
‘River kilom eters calculated from Rivermile Index of the Missouri River.
W ater Resources Division, M ontana D epartm ent o f Natural Resources and 
Conservation, January 1979. Site O M l is located at “Highway 12 bridge near 
Tow nsend, MT. and U.S.G.S. gaging station #6-0570” , River kilometers 
calculated using 1.609 km/mile.
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Appendix. Table B. Dissolved metals analysis (mg/1) for water samples.
CF = Canyon Ferry Reservoir, OM  and MO = Missouri River, TO = Toston 
Reservoir, GA = Gallatin River, JE = Jefferson River, MA and M  = Madison River, 
EN = Ennis Lake, QL = Quake Lake, HL = Hebgen Lake, FH = Firehole River, G 
-  Gibbon River, W C = W olf Creek, CC = Cabin Creek, BD = Below Detection, 
L.O.D. = Lim it o f D etection, NM  = No M easurment recorded.
River Km. Site AI As Ca Fe
-0.8 CF BD BD 32.9 0.01
0.0 ♦MOl BD BD 58.46 0.054
24.2 M02 BD BD 42.78 0.04
27.8 M03 BD 0.05 42.25 0.092
29 M04 BD BD 45.01 0.097
30.6 M05 BD BD 45.24 0.036
32.9 TO 0.035 0.053 76.6 0.116
49.6 M 06 0.05 BD 44.81 0.123
68 JE BD BD 58.09 0.016
73.3 MAI BD 0.08 22.84 0.05
85.9 MA2 BD 0.08 22.38 0.052
87.8 MA3 0.04 0.07 27.13 0.056
96.8 MA4 BD 0.07 24.25 0.05
99.7 MA5 0.03 0.06 23.04 0.042
100.9 MA6 BD 0.07 23.9 0.033
102.5 MA7 BD 0.07 23.85 0.03
103.8 MAS BD 0.07 26.38 0.033
109.1 MA9 0.04 0.06 23.54 0.057
115.1 MAIO 0.03 0.07 23.9 0.058
118.3 M A ll BD 0.07 22.73 0.041
131.9 MA12 BD 0.08 25.1 0.032
132.5 EN BD 0.12 37 0.06
143.1 MA13 BD BD 31.97 0.02
143.8 MA14 BD 0.05 30.31 0.03
144.7 MA15 0.03 0.05 28.99 0.029
145.5 MA16 0.04 BD 44.72 0.026
149.1 MA17 BD 0.08 17.67 0.032
153.2 MA18 0.03 0.08 23.33 0.038
154.1 MA19 BD 0.07 26.31 0.103
163.7 MA20 0.04 0.08 19.82 0.037
198.3 WC BD BD 18.9 0.037
198.8 MA21 BD 0.09 15.21 0.044
208 MA22 0.04 0.07 14.95 0.086
213.9 MA23 0.03 0.1 14.67 0.103
227.4 MA24 BD 0.12 14.9 0.041
228.3 MA25 0.04 0.11 14.37 0.037
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River Km. Site A1 As Ca Fe
234.1 QL 0.057 0.16 23.5 0.123
238.5 MA26 0.08 0.13 14.85 0.114
239.1 MA27 BD 0.13 16.43 0.071
239.4 MA28 0.05 0.12 15.27 0.068
239.7 MA29 0.05 0.11 21.27 0.111
239.9 MA30 0.04 0.13 21.46 0.068
240.1 CC 0.065 BD 77.7 0.039
263.7 HL 0.168 0.334 14.25 0.261
300.4 Ml 0.154 0.2932 7.07 0.0513
315 FH2 0.0567 0.37 6.73 0.0214
327.5 FHl 0.041 0.157 4.42 0.0311
310.4 G2 0.3197 0.1597 8.96 0.1804
317.2 G1 Û.303 0.18 8.13 0.2736
L.O.D. 0.03 0.05 0.004 0.005
River Km. Site Mn Na pH
-0.8 CF 0.003 19.5 8.1
0.0 MOl 0.152 36.7 7.8
24.2 M02 0.012 26.9 8.3
27.8 M03 0.014 26.4 7.9
29 M04 0.015 27.3 7.9
30.6 M05 0.02 28.7 7.7
32.9 TO 0.054 31.8 8.3
49.6 M06 0.022 24.6 8.2
68 JE 0.006 21.25 8.3
73.3 MAI 0.008 35.3 8.3
85.9 MA2 0.005 34.3 8.2
87.8 MA3 0.015 31.3 8.1
96.8 MA4 0.004 32.9 7.9
99.7 MA5 0.004 30.6 8.1
100.9 MA6 0.004 31.9 8.1
102.5 MA7 0.004 31.5 8.1
103.8 MA8 0.012 29.2 8
109.1 MA9 0.008 26.6 8.2
115.1 MAIO 0.005 34.9 8.2
118.3 M All 0.005 34.5 8.3
131.9 MA12 0.005 30.8 8.3
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Appendix. Table B continued.
River Km. Site Mn Na pH
132.5 EN 0.005 48.1 8.3
143.1 MA13 0.015 25.5 8.1
143.8 MA14 0.018 26.9 8.1
144.7 MA15 0.021 25.8 8.1
145.5 MA16 0.017 24.7 8
149.1 MA17 0.007 32.8 7.9
153.2 MA18 0.007 28.3 8.1
154.1 MA19 0.086 26.2 8.2
163.7 MA20 0.041 34.5 8.1
198.3 WC 0.002 8.4 NM
198.8 MA21 0.006 37 8.1
208 MA22 0.013 32 8
213.9 MA23 0.007 36.7 8
227.4 M-\24 BD 43.3 8
228.3 MA25 0.003 42.6 8
234.1 o - 0.025 57.5 8.1
238.5 MA26 0.034 46.2 7.9
239.1 MA27 0.024 49.5 8
239.4 MA28 0.017 43.7 7.8
239.7 MA29 0.02 47.8 8.1
239.9 MA30 0.041 47 7.9
240.1 CC 0.003 9.7 NM
263.7 HL 0.027 104.76 7.4
300.4 Ml 0.006 93.0214 7.5
315 FH2 BD 93 8.6
327.5 FHl BD 51.6 8.1
310.4 0 2 0.013 63.6667 6.9
317-2 G1 0.031 51.6 7.9
L.O.D. 0.002 0.02,
*River kilom eters calculated from Rivermile Index of the Missouri River, 
W ater R esources D ivision, M ontana Departm ent o f Natural Resources and 
C onservation, January 1979. Site M O l is located at “Highway 12 bridge near 
Tow nsend, MT. and U.S.G.S. gaging station #6-0570” . R iver kilometers 
calculated using 1.609 km/mile.
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Appendix. Table C. H Cl-extractable m etals analysis and standard deviations for 
s ^ im e n t s ^ p l e s  (mg/kg). C F  = Canyon Ferry Reservoir, OM and MO = 
Missouri River, TO = Toston Reservoir, GA = Gallatin River, JE = Jefferson River, 
M A and M = Madison R iver, EN — Ennis Lake, QL = Quake Lake, HL = Hebgen 
Lake, FH = Firehole River, G = Gibbon River, n = number of replicate extractions, 
BD = Below Detection, L .O .D . = Lim it of Detection.
n= River Km. Site A1
Standard
Deviation As
Standard
Deviation
3 -0.8 CFl 2562 200 4.34 0.95
3 -0.8 CF2 2032 142 11.58 0.95
4 -0.8 CF3 2969 162 15.96 0.53
3 -0.8 CF4 2393 167 25.58 1.46
3 -0.8 CF5 3270 196 32.15 0.13
4 -0.8 CF6 2648 85 18.58 0.68
5 0.0 *OMl 3868 69 31.75 0.75
3 2.2 OM2 3840 182 32.34 1.27
3 3.5 OM3 3815 153 27.16 0.53
4 8.5 OM4 4210 268 35.48 0.53
2 13.6 OM5 3821 84 22.88 0.64
3 24.2 OM6 3805 74 27.56 0.4
3 30.6 M05 3976 165 27.77 0.64
2 32.2 OM7 5076 227 32.18 0.47
3 32.9 TOI 2758 100 6.85 0.78
4 32.9 T 02 2753 104 8.91 0.42
3 32.9 T03 3540 293 13.92 0.29
3 32.9 T04 4042 136 18.45 0.69
3 32.9 T05 3500 203 17.28 0.47
3 32.9 T 06 3769 116 20.88 0.42
3 32.9 T07 3474 63 21.27 0.5
4 32.9 T08 3528 138 18.69 0.85
3 32.9 T 09 3888 95 17.61 0.52
3 40 OM8 4797 200 8.45 0.3
3 42.4 OM9 4405 85 24.27 0.8
4 49.6 OMIO 3729 131 18.21 0.57
3 53.3 O M ll 3934 41 7.5 0.91
2 64.2 OM12 4102 124 6.91 0.51
3 65.8 GAl 4340 211 9.01 0.12
3 65.8 GA2 4195 192 BD 0.26
3 65.8 GA3 4978 134 BD 0.59
3 68 JE l 3168 234 8.3 0.61
3 68 JE2 2970 53 6.94 0.39
3 68 JE3 2982 55 7.3 0.04
2 68 JE4 3331 53 6.22 0.55
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Appendix, Table C continued.
n= River Km. Site AI
Standard
Deviation As
Standard
Deviation
3 68 JE5 3949 44 7.56 0.63
5 68 JE6 2832 159 6.49 1.45
2 73.3 MAI 3250 21 62.76 0.71
3 85.9 MA2 3693 72 82.34 0.18
2 87.8 MA3 3969 12 73.94 0.45
4 96.8 MA4 3347 63 43.25 0.54
4 99.7 MA5 3233 121 42.08 0.5
3 100.9 MA6 2929 75 31.56 1.02
3 102.5 MA7 3974 195 32.08 0.56
2 103.8 MA8 2713 14 21.72 0.34
3 109.1 MA9 3349 316 38.22 1.06
3 115.1 MAjO 3060 29 59.35 0.38
3 118.3 M All 4102 145 71.73 0.9
1 131.9 MAI 2 5451 0 63.78 0
4 132.5 ENl 3993 164 28.63 0.51
3 132.5 EN2 3642 161 27.87 0.79
3 132.5 EN3 3984 177 44.93 0.6
3 132.5 EN4 3863 102 25.67 0.77
3 132.5 EN5 3939 183 47.52 0.77
3 132.5 EN6 4428 132 56.8 3.84
4 132.5 EN7 4241 199 55.76 1.08
3 132.5 EN8 4094 188 40.49 0.85
3 132.5 EN9 5021 129 62.28 1.37
3 132.5 ENIO 4345 306 50.83 0.94
3 143.1 MA13 3487 150 48.28 0.93
3 143.8 MA14 4162 251 43.94 1.47
3 144.7 MA15 3853 32 38.91 0.66
3 145.5 MA16 4210 19 39.69 0.66
3 149.1 MA17 3460 168 74.51 1.82
2 153.2 MAI 8 4370 153 46.27 0.3
2 154.1 MAI9 3968 4 80.73 0.16
1 163.7 MA20 4096 0 91.83 0
3 198.8 MA21 3677 138 137.95 0.87
I 208 MA22 6038 0 95.08 0
1 213.9 MA23 4261 0 66.15 0
3 227.4 MA24 4642 157 128.52 0.3
3 228.3 MA25 4944 461 65.04 0.55
3 234.1 QLl 3137 76 74.43 1.92
3 234.1 QL2 3834 101 20.12 0.52
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Appendix. Table C continued.
n= River Km. Site A1
Standard
Deviation As
Standard
Deviation
3 234.1 QL3 3659 84 30.79 0.14
3 239.1 MA27 2334 85 45.26 0.16
3 239.4 MA28 2173 25 48.43 0.25
3 239.7 MA29 2436 172 51.66 1.5
4 239.9 MA 30 2440 117 30.37 0.75
3 263.7 HLl 2678 11 59.42 0.54
3 263.7 HL2 1710 117 38.06 2.44
3 263.7 HL3 3933 97 95.72 0.31
3 263.7 HL4 3855 87 103.58 0.52
3 263.7 HL5 3195 125 64.55 1.83
3 263.7 HL6 3191 3 82.7 1.63
4 263.7 HL7 3162 65 48.87 1.44
4 263.7 HL8 2802 94 64.5 0.84
3 263.7 HL9 3596 163 93.75 3.84
3 263.7 HLIO 4603 114 90.67 1.6
1 263.7 H L ll 4774 0 110.18 0
3 263.7 HLl 2 4300 57 135.53 0.16
2 270 M7 2662 5 27.69 0
4 288.7 M6 2565 33 24.38 3.7
2 300.4 Ml 2948 5 47.14 1.43
3 301.6 M2 2726 19 57.21 0.46
3 305.4 M3 2628 37 32.65 1.75
2 305.7 M4 3111 44 45.15 0.95
2 306.5 M5 4394 29 62.95 1.76
3 315 FH2 3569 98 24.51 3.37
2 327.5 FHl 3698 53 22.67 2.23
5 310.4 G2 5472 105 174.69 2.47
2 317.2 G1 733 38 29.57 1.74
L.O.D. 3 4.00
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Appendix. Table C continued.
n= River Km. Site Fe
Standard
Deviation Mn
Standard
Deviation
3 -0.8 CFl 3792 295 214.3 3.5
3 -0.8 CF2 2865 189 253.7 20.2
4 -0.8 CF3 4685 219 397.4 5.7
3 -0.8 CF4 4935 299 954.3 48.6
3 -0.8 CF5 7012 295 1319.7 8.6
4 -0.8 CF6 4486 125 909.3 8.2
5 0.0 *OMl 6233 98 1150.7 3.8
3 2.2 OM2 5916 262 1406 3.8
3 3.5 OM3 5326 203 711.6 5.4
4 8.5 OM4 7450 412 554.2 5.7
2 13.6 OM5 6056 118 670.8 3.7
3 24.2 OM6 5947 97 507.6 1.2
3 30.6 M05 6072 215 722.7 6.3
2 32.2 OM7 8020 335 580.1 1.4
3 32.9 TOI 4970 155 422.4 7.4
4 32.9 T02 4840 163 479.7 7
3 32.9 T03 6023 422 642.1 6.7
3 32.9 T04 6820 164 643.6 4
3 32.9 T05 5958 261 634.3 7.2
3 32.9 T06 6687 155 601.3 9.3
3 32.9 T07 6150 89 480.9 0.2
4 32.9 T08 6280 191 401.7 3.9
3 32.9 T09 6678 123 660.8 1.2
3 40 OM8 7458 334 384.3 2.7
3 42.4 OM9 7081 136 425.9 2.2
4 49.6 OMIO 5465 200 656.4 7.3
3 53.3 OM ll 6075 52 190.5 2.1
2 64.2 OM12 5405 122 317.7 1.3
3 65.8 GA! 5843 266 375.1 3.6
3 65.8 GA2 5192 242 334.2 1.7
3 65.8 GA3 6037 182 466.9 4.2
3 68 JEl 5267 335 1117 23
3 68 JE2 5302 33 1274.7 4.2
3 68 JE3 5303 82 1439 7.2
2 68 JE4 5689 97 954.7 8.9
3 68 JE5 6419 44 1240.7 3.5
5 68 JE6 4960 215 1108.1 10
2 73.3 MAI 6395 18 965.4 8.2
3 85.9 MA2 8159 133 718.1 3.8
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Appendix. Table C continued.
n= River Km. Site Fe
Standard
Deviation Mn
Standard
Deviation
2 87.8 MA3 8054 45 116.8 2.6
4 96.8 MA4 6315 114 803.8 3.3
4 99.7 MA5 6086 184 553.9 5.6
3 100.9 MA6 5502 104 351.9 5.5
3 102.5 MA7 6332 321 475.5 14.7
2 103.8 MAS 4273 29 328.8 0
3 109.1 MA9 6477 521 657.8 6.4
3 115.1 MAIO 7031 73 744.3 4.2
3 118.3 M A ll 8846 291 985.3 8
1 131.9 MA12 10597 0 2274.5 0
4 132.5 ENl 9227 334 1127.1 7.4
3 132.5 EN2 9143 386 1252.7 12.6
3 132.5 EN3 9670 335 873.1 14.2
3 132.5 EN4 8648 328 824.8 36.7
3 132.5 EN5 10336 431 1165.9 16.3
3 132.5 EN6 10795 301 1377.4 68.7
4 132.5 EN7 9864 443 1661.6 35.7
3 132.5 EN8 9328 405 1199.5 18.7
3 132.5 EN9 11465 273 2202.3 57.2
3 132.5 ENIO 9939 636 1330.7 13.6
3 143.1 MA13 7103 232 396.2 0.9
3 143.8 MA14 7718 380 436.4 14.1
3 144.7 MA15 7345 60 294.1 0.8
3 145.5 MAI6 7599 100 487.4 6.5
3 149.1 MAI7 7234 267 275.4 2.7
2 153.2 MA18 7037 204 660.5 0.7
2 154.1 MA19 8568 16 563.5 3.7
1 163.7 MA20 9669 0 469 0
3 198.8 MA21 9994 254 1739 10.6
1 208 MA22 21421 0 952.7 0
1 213.9 MA23 10602 0 4420.6 0
3 227.4 MA24 10487 272 8718.8 87.3
3 228.3 MA25 10888 857 409.1 8
3 234.1 QLl 10012 259 1114.2 13.6
3 234.1 QL2 12317 179 1319.4 2.1
3 234.1 QL3 9008 165 456.8 13.3
3 239.1 MA27 5639 96 514.9 2.4
3 239.4 MA28 5224 36 709.4 1.7
3 239.7 MA29 6275 368 617.5 20.9
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Appendix. Table C continued.
n= River Km. Site Fe
Standard
Deviation Mn
Standard
Deviation
4 239.9 MA30 4842 183 1010.2 18.1
3 263.7 HLl 1930 10 296.2 4.5
3 263.7 HL2 1578 75 240 17.5
3 263.7 HL3 3082 94 469.8 8.6
3 263.7 HL4 3036 59 466.9 7.8
3 263.7 HL5 3038 94 454.6 10.6
3 263.7 HL6 2383 18 241.1 1.6
4 263.7 HL7 1893 25 116.1 3.1
4 263.7 HL8 2327 94 215.2 2.8
3 263.7 HL9 5508 196 534.4 21.6
3 263.7 HLIO 6033 135 511.3 12
1 263.7 H L ll 7836 0 549.9 0
3 263.7 HLl 2 8804 166 1601.9 15.5
2 270 M7 1906 26 199.5 10.8
4 288.7 M6 1934 33 405.2 18.4
2 300.4 Ml 2119 12 231.4 2.9
3 301.6 M2 2307 15 182.3 3.7
3 305.4 M3 2228 41 187 11.1
2 305.7 M4 2521 15 333.9 1.5
2 306.5 M5 3298 11 454.1 1.2
3 315 FH2 4306 70 1203.6 11.7
2 327.5 FHl 4029 81 1949.3 22.2
5 310.4 G2 5521 59 1152.8 6.8
2 317.2 G1 1008 40 190.7 7
L.O.D. 0.4 0.2
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n= River Km. Site Ca
Standard
Deviation Na
Standard
Deviation
3 -0.8 CFl 17578 161 49.54 2.58
3 -0.8 CF2 28367 2520 35.83 3.44
4 -0.8 CF3 24729 98 56.68 3.42
3 -0.8 CF4 52353 2519 83.16 6.65
2 -0.8 CF5 72771 239 67.09 1.38
3 -0.8 CF6 87682 1743 65.29 0.87
3 0.0 ♦OMl 34851 79 93.73 3.55
3 2.2 OM2 31275 138 110.91 4.15
3 3.5 OM3 34779 236 103.36 5.59
2 8.5 OM4 32328 68 89.44 1.57
2 13.6 OM5 33976 111 102.21 1.81
3 24.2 OM6 29692 45 121.97 2.79
3 30.6 M05 32787 405 98.94 4.31
2 32.2 OM7 31818 131 145.5 2.27
3 32.9 TOI 30010 54 46.12 6.58
3 32.9 T02 33391 393 41.91 1.73
3 32.9 T03 36764 257 50.4 4.61
3 32.9 T04 36332 174 55.88 1.17
3 32.9 T05 36009 644 64.33 3.94
3 32.9 T06 34967 650 62.14 2.27
3 32.9 T07 33297 1719 51.83 3.2
3 32.9 T08 30981 291 61.04 4.31
3 32.9 T09 34619 102 60.79 1.63
3 40 OM8 33896 120 61.48 1.43
3 42.4 OM9 33345 889 81.91 2.17
2 49.6 OMIO 35786 149 87.63 4.06
3 53.3 O M ll 33360 351 48.33 1.98
2 64.2 OM12 37744 112 70.22 4.93
3 65.8 GAl 36831 1020 68.11 2.8
3 65.8 GA2 37986 1418 62.26 3.06
3 65.8 GA3 38047 261 48.92 1.32
2 68 JEl 59959 590 77.64 2.67
3 68 JE2 61274 302 62.1 3.8
2 68 JE3 62329 883 74.82 4.13
2 68 JE4 59448 201 64.94 5.62
3 68 JE5 67106 628 86.21 2.25
3 68 JE6 55637 1027 66.05 8.13
2 73.3 MAI 11032 25 124.7 5.31
3 85.9 MA2 9939 55 127.64 2.96
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Appendix. Table C continued.
River Km. Site Ca
Standard
Deviation Na
Standard
Deviation
2 87.8 MA3 8480 41 138.95 3.574 96.8 MA4 8947 38 98.88 0.43
4 99.7 MA5 8032 166 113.53 20.15
3 100.9 MA6 7916 66 93.65 3.33
3 102.5 MA7 7436 86 120.19 3.79
2 103.8 MA8 7180 62 84.69 0.47
3 109.1 MA9 8787 43 85.74 3.06
3 115.1 MAIO 10944 88 102.52 1.5
3 118.3 MAll 9957 81 133.91 4.5
I 131.9 MA12 12468 0 135.86 0
4 132.5 ENl 10221 63 81.61 2.56
3 132.5 EN2 10550 126 48.57 1.8
3 132.5 EN3 9312 66 89.65 1.66
3 132.5 EN4 18479 435 91.33 0.29
3 132.5 EN5 12394 72 102.08 3.54
3 132.5 EN6 11563 167 82.32 1.72
4 132.5 EN7 11510 80 84.13 1.92
3 132.5 EN8 11020 21 97.43 2.09
3 132.5 EN9 11693 66 101.75 1.07
3 132.5 ENIO 11403 59 84.72 4.59
3 143.1 MA13 17899 32 67.17 2.02
3 143.8 MA14 17556 61 104.86 0.65
3 144.7 MA15 18494 79 94.06 4.75
3 145.5 MA16 18899 236 103.57 3.83
3 149.1 MA17 11684 32 135.28 2.67
2 153.2 MA18 19009 114 128.87 1.64
2 154.1 MA19 20421 161 95.92 1.78
1 163.7 MA20 16385 0 117.94 0
3 198.8 MA21 15393 28 107.86 1.63
1 208 MA22 13121 0 98.88 0
1 213.9 MA23 12409 0 177.92 0
3 227.4 MA24 10719 7 179.44 5.93
3 228.3 MA25 7483 41 104.84 0.84
3 234.1 QLl 11937 174 79.6 1.09
3 234.1 QL2 13519 35 67.52 1.66
3 234.1 QL3 5860 143 39.52 3.45
3 239.1 MA27 21951 136 136.83 2.29
3 239.4 MA28 22419 77 153.18 1.74
3 239.7 MA29 12737 49 107.65 2.88
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River Km.
Standard Standardn= Site Ca Deviation Na Deviation
4 239.9 MA30 30109 293 127.32 3.223 263.7 HLl 2441 27 169.97 8.893 263.7 HL2 1846 50 88.56 4.523 263.7 HL3 3154 35 212.76 4.72
3 263.7 HL4 2918 29 251.07 10.77
3 263.7 HL5 2353 51 181.11 13.56
3 263.7 HL6 2638 5 141.47 5.77
4 263.7 HL7 2590 41 92.15 5.96
4 263.7 HL8 2010 22 89.82 2.08
3 263.7 HL9 3108 107 207.22 3.73
3 263.7 HLIO 3443 70 215.12 12.21
1 263.7 H L ll 3497 0 277.05 0
3 263.7 HL12 4002 90 177.52 1.1
2 270 M7 2010 10 260.51 71.79
4 288.7 M6 1840 28 281.88 61.59
2 300.4 Ml 1790 19 414.76 70
3 301.6 M2 2023 23 327.44 73.49
3 305.4 M3 1618 25 296.89 67.56
2 305.7 M4 2116 0 283.11 64.44
2 306.5 M5 2906 12 439.41 87.65
3 315 FH2 3815 55 502.31 105.38
2 327.5 FHl 2978 18 260.44 63.11
5 310.4 0 2 3252 26 339.12 69.49
2 317.2 G1
L.O.D.
614
0.32
17 94.78
1.6
36.81
*River kilometers calculated from Rivermile Index of the Missouri River. 
W ater Resources D ivision, M ontana Departm ent of Natural Resources and 
C onservation, January 1979. Site O M l is located at “Highway 12 bridge near 
Tow nsend, MT. and U .S.G .S. gaging station #6-0570” . River kilom eters 
calculated using 1.609 km/mile.
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Appendix. Table D. HCl-extractable m etals analysis (mg/kg) and standard 
deviations for Ennis Lake sedim ent core samples and M adison River sediment 
sam ples collected above Ennis Lake. L .O .D. = Limit of Detection, n = number of 
replicate extracts, * = river kilom eter of M adison River site.
n —
Depth
Interval
(cm) Site A1
Standard
Deviation As
Standard
Deviation
3 0 -  10 ENIB 4194 147 73.1 3-7
4 10-20 ENIB 4623 57 29.32 1.05
4 2 0 -3 0 ENIB 4619 175 28.13 0.91
4 3 0 -4 0 ENIB 4235 121 29.31 0.48
3 4 0 -4 6 ENIB 4032 147 30.43 0.61
3 0 -  10 EN2B 4431 206 15.91 0.9
4 10-20 EN2B 4327 101 15.96 0.81
3 2 0 -3 0 EN2B 4534 55 16.02 0.13
3 3 0 -3 8 EN2B 3460 182 13.96 0.73
4 0 -  10 EN3B 4050 35 38.46 0.73
4 10-20 EN3B 4171 128 29.72 0.64
4 2 0 -2 5 EN3B 4164 247 28.95 1.59
4 0 -  10 EN4B 4843 84 38.21 1.03
4 10-20 EN4B 4521 163 29.51 0.79
4 20-21 EN4B 4468 144 18.31 0-73
4 0 -  10 EN5B 4802 172 33.1 1-26
4 0 -  10 EN6B 5206 222 33.07 1-3
3 10-17 EN6B 5044 47 27.83 0-49
4 0 -1 0 EN7B 4735 232 37.61 1.57
3 10-17 EN7B 4669 239 47.65 0.73
4 0 -  10 EN8B 3389 120 32.21 0.82
3 10-20 EN8B 3369 235 29.27 1-07
4 0 -  10 EN9B 4707 280 43.48 5-47
3 10-20 EN9B 5200 218 26.51 1-42
3 2 0 -3 0 EN9B 4654 188 33.16 0-55
4 3 0 -4 0 EN9B 4209 95 30-41 0.31
4 4 0 -5 0 EN9B 4128 60 31-67 0.6
3 < 10 EN I OB 3576 182 19.67 0.73
3 < 10 EN13 3423 323 11-53 0.45
3 *km 143.1 MA13B 3639 77.81 16.29 0.65
3 *km 143.8 MA14B 3764 45.41 28.07 1.03
3 *km 144.7 MA15B 2976 91.07 17.55
0.58
3 *km 145.5 MA16B 3454 112.35 15.39 0.73
L.O.D. 3 4
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Appendix. Table D continued.
n =
Depth
Interval
(cm) Site Ca
Standard
Deviation Fe
Standard
Deviation
3 0 -  10 ENIB 10686 28 10546 221
4 10-20 ENIB 10022 119 11488 34
4 2 0 -3 0 ENIB 9897 37 11518 395
4 3 0 -4 0 ENIB 9882 35 10296 280
3 4 0 -4 6 ENIB 9680 41 9228 270
3 0 -  10 EN2B 17949 142 8823 348
4 10-20 EN2B 16251 152 8598 191
3 2 0 -3 0 EN2B 13824 233 9119 115
3 3 0 -3 8 EN2B 10070 381 7507 322
4 0 -  10 EN3B 9069 74 9922 105
4 10-20 EN3B 7510 58 8285 233
4 2 0 -2 5 EN3B 7776 77 6827 375
4 0 -  10 EN4B 9046 102 10205 156
4 10-20 EN4B 8421 63 7709 204
4 20 -2 1 EN4B 7998 24 • 7192 217
4 0 - 1 0 EN5B 10618 27 10865 384
4 0 -  10 EN6B 0 0 9230 390
3 10- 17 EN6B 0 0 8960 82
4 0 -  10 EN7B 12222 74 10958 460
3 10- 17 EN7B 22491 241 9311 480
4 0 -  10 EN8B 9736 119 7562 259
3 10-20 EN8B 12804 74 6906 297
4 0 - 1 0 EN9B 11187 56 11024 580
3 10-20 EN9B 11093 49 12348 427
3 2 0 - 3 0 EN9B 10902 46 11427 386
4 3 0 - 4 0 EN9B 10297 99 10012 121
4 4 0 - 5 0 EN9B 10130 109 9928 121
3 < 10 ENl OB 14545 1540 6159 108
3 < 10 EN13 4778 122 6922 606
3 ♦km 143.1 MA13B 21298 106.06 6055 135.23
3 ♦km 143.8 MA14B 21416 234.17 6600 64.69
3 ♦km 144.7 MA15B 22588 97.09 5185 164.84
3 ♦km 145.5 MA16B 22908 193.03 5992 193.02
L.O.D. 0.32 0.4
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Appendix. Table D continued.
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n —
Depth
Interval Standard Standard(cm) Site Mn Deviation Na Deviation
3 0 - 1 0 ENIB 1340.12 26.88 100.82 2.364 10-20 ENIB 747.17 19.1 117.82 2.574 2 0 -3 0 ENIB 738.29 9.66 94.17 0.744 3 0 -4 0 ENIB 775.9 3.03 87.42 1.97
3 4 0 -4 6 ENIB 822.26 7.29 87.44 1.74
3 0 -  10 EN2B 613.76 9.28 72.79 3.08
4 10-20 EN2B 545.89 3.28 74.83 1.14
3 2 0 -3 0 EN2B 455.14 2.54 77.58 1.04
3 30-38 EN2B 441.4 3.4 61.29 3.66
4 0 -  10 EN3B 815.22 9.42 88.69 1.57
4 10-20 EN3B 561.24 5.56 74.04 3
4 20-25 EN3B 609.76 5.37 63.6 3
4 0 -  10 EN4B 552.24 14.01 101.97 3.27
4 10-20 EN4B 453.67 4.42 93.02 3
4 20-21 EN4B 456.03 7.93 90.57 5.78
4 0 -  10 EN5B 772.56 7.48 87.95 2.09
4 0 - 10 EN6B 590.59 5.4 85.99 2.63
3 10- 17 EN6B 520.9 4.56 76.98 1.96
4 0 -  10 EN7B 942.41 11.62 100.25 3.28
3 10-17 EN7B 883.34 10.94 85.37 1.33
4 0 - 1 0 EN8B 680.46 35.63 76.58 2.81
3 10-20 EN8B 273.69 1.26 70.37 1.01
4 0 -  10 EN9B 1317.96 47.91 111.67 4.18
3 10-20 EN9B 873.81 6.85 115.73 2.19
3 20-30 EN9B 755.71 12.29 98.62 3.9
4 30-40 EN9B 660.4 10.52 90.2 3.13
4 4 0 -5 0 EN9B 644.37 11.65 70.63 1.01
3 < 10 ENl OB 612.97 40.69 62.13 4.26
3 < 10 EN13 162.17 4.16 31.42 2.62
3 ♦km 143.1 MA13B 479.89 2.31 77.06 2.91
3 ♦km 143.8 MA14B 853.43 13.47 70.96 4.71
3 ♦km 144.7 MA15B 377.78 4.77 54.78 0.41
3 ♦km 145.5 MA16B
L.O.D.
469.88
0.2
4.71 62.14
1.6
2.56
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A ppendix. Table E. Concentrations (mg/1), pH, and (standard deviations) for 
E ^ i s  Lake and M adison River water samples. L.O.D. = Limit of Detection, 
BD = Below  Detection.
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n= Site *A1 As Ca Fe
44 HER 0.071 0.066 21 0.035
(0.027) (0.015) (2.9) (0.016)
13 Ennis BD 0.071 22.4 0.008
Lake (0.013) (2.4) (0.009)
50 AER 0.045 0.06 16.2 0.038
(0.014) (0.011) (0.73) (0.009)
L.O.D. 0.03 0.05 0.004 0.005
42 and 4o for sites HER and AER, respectively.
n= Site Mn Na (for pH) pH
44 HER 0.004 17.4 23 8.4
(0.001) (8.4) (0.04)
13 Ennis 0.013 13.2 15 8.6
Lake (0.012) (1.2) (0.25)
50 AER 0.006 13 23 8.4
(0.002) (0.47) (0.18)
L.O.D. 0.002 0.02
A ppendix. Table F. Results o f hypolim nion tests conducted on Ennis Lake.
Site
HPTl
HPT2
Sample
Depth
(Meters)
0.5
3.7
0.5
3.9
Temperature
Sample
Depth Temperature
(*C) Site (Meters) (*C)
18.7 HPT4 0.5 18.7
19.4 3.7 19.2
18.7 HPT5 1.0 22.0
19.6 8.5 21.9
HPT3 0.5
4.1
18.7
19.3
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Appendix. Figure 1. M ap show ing relative location of sediment and water 
sampling sites on Canyon Ferry Reservoir.
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A ppendix. Figure 2. Map showing relative location o f sedim ent and water 
sam pling sites on Toston Reservoir.
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A ppendix. Figure 3. M ap showing relative location of sediment and water sampling 
sites on Quake and Hebgen Lakes.
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